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1. Introduction 


A European citizen uses 361 of 60°C hot water daily with 
tendency for increase in future |1]. The required energy to produce 
hot water is rising slightly because the comfort level sought 
now is greater than in the past. In older buildings, this sector 
represents only 6% of overall energy consumption, but with a 
reduced heating need mainly due to a better thermal insulation, 
the hot water production can reach 30% of energy consumption 
in a new housing. A solar collector is a good and sustainable 
solution for heating water and can efficiently provide up to 80% of 
the hot water needs, without fuel cost or pollution and with a 
minimal O&M expense. The following observations explain the 
researches renewal in view to improve and conceive new thermal 
collectors: 


- the increase of the water heating part in the housing 
consumption; 

- the development of new sustainable solutions for reducing the 
building consumption; and 

- the strong growth of the solar thermal market. 


Builders recognize more and more that building high energy 
efficient housings is a sensible, ethical, ecological idea and work- 
able at medium and long-term. 

A large web survey concerning architectural integration of solar 
technologies (addressed to about 170 European architects and 
other building professionals) presented by Munari Probst and 
Roecker [2] showed that the architectural integration is a major 
issue in the development and spreading of solar thermal technologies. 
For the past several years, the solar installations are becoming an 
architecture element; we note a need for the integration, for reducing 
the visual impact of solar systems which can even be removed from 
the roofs. D'Antoni and Saro [3] reviewed the literature on high- 
capacitance solar thermal collectors, showing the various variants and 
applications, and presenting separated solar collectors, partially or 
fully building integrated. 

The common developed methods in order to reduce the 
negative architectural impact are to decrease the size of the solar 
collectors in using hybrid PV/Th solar collectors producing simul- 
taneously electricity and heat or to develop more efficient solar 
systems, i.e. to increase the production per meter square. Another 
interesting approach is to give a double function to some energe- 
tically passive parts of the house. 


1.1. PV/TH hybrid solar collector 


The first PV/Th solar collector appeared in the 1970s [4]; the 
production of energy (heat and electricity) is increased for a same 
collector area reducing the cost and the amount of required space 
[5]. Several reviews on the PV/Th development were realized by 
Chow [6], Ibrahim et al. [7] and Tyagi et al. [8] for air and liquid 
types, by Kumar and Rosen [9] and Hussain et al. [10] for air 
only PV/Th collectors. Vats and Tiwari [11] compared several PV 
technologies. PV/Th collectors sometimes provide energy to a solar 
still [12] which is, then, electrically autonomous; they also may be 
coupled to a heat pump [13]. A building façade can be transformed 
directly into a PV/Th converter: the air is heated and circulates 
between the PV modules and the wall [14]. 


1.2. More efficient thermal solar collector 


Regarding the more efficient solar collectors, there are con- 
centrated solar collectors (for low or medium temperature (high 


temperature cannot be used in buildings), vacuum solar collectors, 
solar collectors using new nanofluids, or a combination of these 
solutions. 

Vacuum solar collectors, with the combination of a selective 
absorber and the deletion of the natural convection between glass 
and absorber give good results, particularly for high fluid tem- 
peratures or low ambient temperatures [15]. These collectors are 
more fragile and more costly than conventional ones. Robin [16], 
using vacuum tubes ICR (Internal Cylindrical Reflector) manufac- 
tured by Schott Solar, developed a patented solar thermal glazing 
with a high building integration. Chen et al. [17] developed and 
tested a vacuum solar collector made in acrylic. Rassamakin et al. 
[18] manufactured aluminium profiled heat pipes for thermal solar 
collectors able to be integrated into building façades and roofs. 
Glembin et al. [19] investigated the impact of low flow rates on the 
efficiency of coaxial vacuum tube collectors. 

Concentrated solar collectors, for low and medium temperature 
can be used in buildings. A concentrating solar thermal collector, 
using plastic material in substitution of metallic ones was devel- 
oped for economical supply of heat between 40 and 90 °C [20]. 
Kalogirou [21] presented a review about low concentration solar 
collectors. Nkwetta et al. [22] compared concentrated and non- 
concentrated solar vacuum collectors. The utilization of concen- 
trated evacuated tube solar collectors are more and more used for 
heating and cooling with higher outlet temperature and lower 
heat losses [23-25]. 

Nanofluids are found to have both good stability and useful 
optical and thermal properties as solar absorbers in solar collectors 
[26]. Therefore, numerous studies are developed. A detailed study 
of the particular boundary layer flow, due to the non-linear 
stretching of a flat surface in a nanofluid, taking into account the 
influence of numerous parameters was realized by Rana and 
Bhargava [27]. Rana and Bhargava [28] investigated also the 
steady, two dimensional, mixed convection laminar boundary 
layer flow of incompressible nanofluid along a permeable vertical 
semi-infinite flat plate with a magnetic field; this breakthrough 
study may be important for the next-generation of solar film 
collectors and heat exchangers technology. A complete and inter- 
esting review on the utilization of such nanofluids for solar 
applications was made by Javadi et al. [29]. Tyagi et al. [30] 
investigated theoretically the utilization of a nanofluid composed 
of water and aluminium nanoparticles as an absorbing medium; 
they showed that the presence of nanoparticles increases the 
absorption by 9 compared with pure water and improves the 
efficiency of the solar collector by 10%. Yousefi et al. [31] studied 
experimentally the influence of a MWCNT nanofluid on the 
efficiency of a flat plate solar collector and showed that according 
to the mass fraction and the presence of surfactant, the efficiency 
can increase substantially. Diathermic oils, based on nanofluid can 
have interesting properties for solar application and their thermal 
conductivities was experimentally determined [32]; a problem of 
sedimentation occurs with the utilization of nanofluids in a 
conventional solar collector: this problem was studied experimen- 
tally by Colangelo et al. [33] and they showed that it depends on 
the fluid velocity and the volume fraction of the solid phase, the 
water-Al,03 fluid improves the solar collector performances and 
avoids the sedimentation. Using a nanofluid in replacement of 
water improves the performances and consequently reduces the 
surface occupied by the solar collector, for a same productivity by 
about 37% [34]. 


1.3. Double function of passive part of building 


Numerous architectural projects with solar system integration 
were realized all around the World and it is impossible to list all of 
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Fig. 1. The patented solar collector H2OSS*. 


them, but we present here some original concepts of new solar 
collectors with a high building integration. Hassan and Belliveau 
[35] designed a horizontal roof solar collector replacing the ridge 
of the roof. De Beijer [36] developed a solar collector with one tube 
assembled into the other, the inner tube is used as a storage tank 
and the outer one is the absorber, the space between them is 
vacuum-filled. When the outer tube is heated, the water placed in 
this space evaporates and condenses on the colder side of the 
inner tube. This collector is used as ridge tiles of a roof due to its 
cylindrical form. Huang et al. [37] developed a solar collector as 
parapet or sun-shading canopy of a building; it is used as a 
construction material and reduces greatly the overall cost. 

These solutions are very promising and can be coupled 
together for reaching high performances with a low increase of 
the cost. The concept developed in this paper belongs to this third 
category. 

Applying our “basic” idea i.e. giving an active function to 
passive parts of building and by a similar approach to that 
used few years ago, for a solar air collector integrated into a 
shutter [38], we developed a novel patented concept [39] of water 
solar collector, using well-known technologies, inserted into a 
gutter. 

In this paper, we present in the first paragraph the new concept 
of water solar collector called H2OSS and the experiment imple- 
mented in view to test its thermal performances and to validate 
the numerical thermal model. Then, we will show the main 
experimental results concerning the thermal performances and 
the main negative points due to its particular shape. In the second 
part, the numerical model developed in view to simulate the 
thermal behaviour of the total thermal loop with the solar 
collector, the piping, the storage tank, ... is shown. This model 
consists of two sub-models, the first one for the solar collector 
itself presented in detail and validated in [40] and the second one 
for the storage and the thermal loop inspired by the work of 
Haillot et al. [41]. This numerical model being in place, we will use 
it for determining the best configuration of thermal system: we 
will address individually the influence of various parameters as 
flow rate, air layer and insulation thickness, glass emissivity, etc. ... 
and for each parameter the optimal value will be determined. 
Therefore, we will present a new improved configuration of the 
solar collector which will serve as a basis for the development of a 
new prototype. 


2. Presentation of the solar collector and of the thermal 
experiment 


2.1. The water solar thermal collector 


The patented solar water collector H2OSS® presents a high 
building integration and cannot be seen from the ground because 
it is inserted within a drainpipe (Fig. 1); this gutter conserves its 
rainwater evacuation role. It can be used both on east, west or 
south oriented walls (the collector being oriented south into the 
drainpipe). A north orientation is excluded due to important 
shading effects. The canalizations connecting the house to the 
solar collector are hidden in the vertical drainpipe. An installation 
consists in several connected modules. One module is about 1 m 
long by 0.1 m wide (individual houses), larger modules can be 
developed for buildings. The number of modules depends on the 
drainpipe length. 

The structure of the H2OSS" solar collector is composed by a 
glass (green house effect), an air layer, a highly selective absorber 
and a thermal insulation layer (Fig. 2). The cold fluid flows from 
the tank through the inferior insulated tube and then in the upper 
tube in thermal contact with the absorber. 


2.2. The experimentation 


The experimentation (Fig. 3) has for objectives to test the 
thermal behaviour, to validate the thermal model and to improve 
the performances by some parameters adjustments. It is located 
on the laboratory site situated in the gulf of Ajaccio (latitude: 
41°55'N; longitude: 8°55'E) at about 200 m from the Mediterra- 
nean Sea and at an altitude of 70 m. This experimentation allows 
to operate closer to the European Standard EN 12975-1 [42]: 
4 rows of 4 thermal modules (1.8 m2), connected in serial or 
parallel, are fixed on a solar tracker for a better control of the solar 
intensity and direction. 

The solar modules are connected to a thermal loop which 
regulates the input fluid temperature in heating the fluid if it is too 
cold and cooling it in the other case using an air cooler. Every 
minute are collected: solar irradiance on the collector plane 
(measured by a Kipp & Zonen CM11 pyranometer), ambient 
temperature, humidity, wind speed and direction, fluid flow rate 
and input and output fluid temperatures (for each module). 
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Fig. 3. The experiments: the solar tracker with H2OSS modules and the thermal loop. 
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Fig. 4. Efficiencies versus the reduced temperature for H2OSS and Buderus 
SKN. 3.0. 


This experiment allows to calculate the performances of the 
new solar collector and to compare them with the performances of 
a conventional solar one (Buderus 3.0) measured on the same site 
for a same collector surface area. Fig. 4 shows the efficiency (7) in 
stationary conditions versus the reduced temperature Tr [43] for 
the Buderus solar collector and.the H2OSS in parallel and serial 
configurations. The efficiencies were calculated experimentally for 
various measured reduced temperature and then, a linear regres- 
sion is applied in view to determine the optical efficiency and the 
thermal losses according to Eq. (1): 


n= —KTr+B with Tr = (Tm —Tamb)/® (1) 


Table 1 
Optical efficiency and thermal losses. 


Buderus SKN 3.0. H2OSS serial H20SS parallel 


Optical efficiency B 0.786 0.890 0.906 
Thermal losses, K 4.33W m~“? K! 1350Wm-?K~! 8.99Wm~?K! 


with @ the solar irradiance, Tm the average temperature, Tamp the 
ambient temperature, B the optical efficiency (dimensionless) and 
K the thermal losses (W m~? K7!) [44]. 

The values of the optical efficiency and of the thermal losses are 
given in Table 1. 

If the optical efficiency is high, the coefficient relative to the 
thermal losses reveals weak performances. This difference is due 
to the geometry of the H2OSS® modules. The thermal losses by 
the sides of the modules are more important and so the perfor- 
mances decrease rapidly when the reduced temperature increases. 
Consequently, the performances of the H2OSS collector are better 
with a low reduced temperature i.e. it works better when the 
temperature of the input water is low; then, it is more interesting 
to use a water storage tank with a thermal stratification and 
therefore to work at low flow rate; in these conditions, the water 
coming from the tank to the solar collector will be colder. 

We show in Fig. 5. the thermal performances for the two solar 
collectors for two days with similar meteorological conditions. The 
input water temperature is 60°C, a high reduced temperature 
unfavourable to the H2OSS collector. The meteorological data, the 
water temperatures and the useful thermal power per m? are 
plotted in Fig. 4. 
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Fig. 5. Comparison of the two solar collectors performances. 


We note that, around the solar zenith, the gap between the two 
useful powers is about 100 W m™?. This period is unfavourable to 
the H2OSS collector because the reduced temperature is high. In 
decreasing this temperature, the gap will be reduced and reversed 
when the reduced temperature will reach about 0.013 K m2/W as 
seen in Fig. 4. 

Consequently, the thermal performances of the H2OSS collector 
are good for low reduced temperatures but the thermal losses are 
greater than for a conventional solar collector with simple cover 
and selective absorber. 

It would have been useful to compare the thermal perfor- 
mances with other solar collector models but the previous results 
were obtained for outdoor meteorological conditions and a good 
comparison can be realized only under same conditions; it is 
difficult to have several solar collectors models on the same site. 
Moreover, the objective of this work was to improve the H2OSS 
collector and the experiment was realized in view to observe the 
main problems encountered with the particular shape of this solar 
collector. 

Thanks to the use of a numerical simulation, it is possible 
to test various new configurations of the solar system using the 
H2OSS collector and to improve its efficiency by some well chosen 
modifications. 


3. The thermal model 


A brief description of the model used for the solar domestic hot 
water system is presented in Fig. 6 and detailed in two previous 
papers [40,41]; it consists of two main models: 


- A thermal model of the H2OSS module which calculates various 
temperatures into the solar collector [40]. 

- A thermal model of the hydraulic loop with the water storage 
and the water distribution circuit developed by Haillot et al. 
[41]. 


3.1. The H2OSS solar collector 


The particular geometry of the H2OSS solar collector with its 
lateral faces much wider than in a conventional collector relatively 
to its collecting surface, generates a specific thermal behaviour. 

We developed a bi-dimensional model with thermal transfers 
composed of a serial assembling of one-dimensional elementary 
models. The domain is broken up into elementary isotherm 
volumes, and for each node (97 nodes), we write a thermal balance 


Fig. 6. The solar domestic hot water system. 


equation using an electrical analogy. All parameters of this model 
can be easily changed as module length, number of modules, 
physical properties of materials, geometry, convective coefficients, 
contact resistances, ... in such a way that the influence of future 
changes on the thermal performances of solar module can be 
estimated. 

The solar collectors can be connected in serial or parallel; in the 
first case, in the flow direction, the output fluid temperature of the 
first module becomes the input fluid temperature of the next one 
(see Fig. 7); in the second case, the output temperature is the same 
for all the lines of modules and the total water flow rate is the sum 
of the flow rates of each line. 

We obtain a system of 97 differential equations solved using an 
iterative method (each differential equation is solved using the 
implicit Euler method). The input variables for this model are: the 
solar irradiance ®, the ambient temperature Tam», the air speed v, 
the sky temperature T,,y, the cold fluid temperature for the first 
module and the gutter temperature Tgutter. 

This thermal model has been implemented and validated from 
experimental data. A solar module was specially instrumented 
with 9 thermal sensors measuring the surface temperature in 
9 specific points spread over the glass, the blade, the absorber, the 
insulation and the two faces [40]. The water output and input 
temperatures were also recorded. 

The experimental validation showed that the model had a good 
accuracy with the measured data: the relative root mean square 
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Fig. 7. Electrical analogy of the solar thermal collector and serial connexion. 


errors are around 5% for the water temperatures and between 4.6% 
and 10% for the internal ones [40]. 


3.2. The hydraulic loop 


During the experimental phase, we noted that one of the 
essential problems was the hydraulic resistance due to linear 
structure of the H2OSS collector. Consequently, it would be wise 
that this solar system works in low flow rate conditions. As well as 
reducing the hydraulic losses, the low rate regime has also other 
advantages as [45]: 


- Thermal stratification: In low flow conditions, the outlet 
temperature from the solar collector is higher than in conven- 
tional conditions; thus, a high degree of thermal stratification 
occurs inside the heat storage; moreover, the temperature at 
the top of the storage is closer to the desired load temperature. 
Therefore, the auxiliary energy consumption will be decreased 
when the solar fraction increases. With highly stratified heat 
storage, the temperature of the water returning to the solar 
collector will be lowered and the working periods of the solar 
collector will be longer; in this way, the energy produced by the 
solar collector increases [46,47]. 

- Piping in the solar collector loop: the low flow conditions allow 
to use smaller pipes, in this way less material is used for pipes 
and insulation and the heat losses are reduced. 

- Pump: The energy consumption of the circulation pump is 
decreased; it is very important in our case because with a high 
flow, the hydraulic losses are high and the energy for the fluid 
circulation is important. 


The thermal loop behaviour is simulated using a numerical 
code based on a nodal approach [41,48]. It is divided in 19 nodes: 
7 for the fluid circulation, 10 for the storage tank (optimal number 
of nodes in view to take into account optimally the thermal 
stratification [45] and 2 for the water inlet and outlet in the 
storage (see Fig. 8). The water temperature at the outlet of the 
solar collector and the average temperature of the solar absorber 
are obtained from the model of the solar collector, keeping in mind 
that 97 temperatures in the solar collector must be computed for 
determining these two temperatures. 

The energy balance, in 1-D, is applied and an iterative method is used 
to solve the first order differential equations. A “reversion-elimination 
mixing algorithm” based on a thermal mix of some storage tank nodes 
allows to obtain a correction factor in order to have a positive 
temperature gradient from the bottom to the top of the tank [49,50]. 
This factor is used to simulate the thermal stratification in the tank. 

The tubes between the tank and the solar collector are 20 m long 
for half inside (the ambient temperature is then the temperature 
into the building) and for half outside of the building; the thermal 
losses are taken into account. 


Ww 
exchange Water consumed 
200 L 2kw 
Thermal auxiliary 
losses heater 
Water network 
temperature 


Coil heat AN 
exchanger 


Fig. 8. Model nodes definitions [9]. 


The coil heat exchanger is modelled by 5 nodes and the thermal 
power between the heating fluid and the water into the tank is 
calculated using the e-NTU method [51]. The domestic hot water is 
extracted according to a given daily water consumption profile [52] 
(Fig. 9) from the top of the tank (Node ST10), then used at 
temperature Tw; in the same time an equivalent amount of fresh 
water at temperature Taw (depending on the month and the site) is 
introduced into the tank in the node ST1. The thermal losses between 
the water distribution network and the tank and between the storage 
tank and the water network of the building are taken into account. 

The French Scientific and Technical Centre of Building (CSTB) 
analysed the performances of 120 solar thermal systems working 
in real conditions and prescribes to give to the user a water at 
50 °C [53]. This temperature allows to reduce the energy con- 
sumption but the risk of legionella development exists, thus for 
avoiding it, it is necessary to use a thermal flash at 70 °C [53,54]. 
The auxiliary heating is activated when the temperature in the 
node ST8 falls under 50 °C and stopped when it reaches 55 °C. 

Generally, in a conventional solar system, the pump is switch 
on or off in comparing the temperature in the bottom of the tank 
with the output temperature of the solar collector; but, the 
collector is inclined and the hot fluid climbs by natural convection 
to the temperature sensor situated on the top of the collector 
when the pump is stopped; for the H2OSS collector, the input and 
the output of the thermal fluid is at the same level what 
annihilates the natural fluid movement and does not allow to 
measure the increase of the temperature. Thus, another mode of 
regulation is chosen: the pump is activated when the difference 
between the absorber and the ST1 node exceeds the following 
threshold dON defined by: 


dON = 0.16(Tsrı —20)+9 (2) 
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Fig. 9. End-user daily load profile [52]. 
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Fig. 10. Flow rate variation of the pump. 


The pump is switch-on when: 
9 < dON < 17 and T absorber —Tsr > dON (3) 


Then the flow rate is regulated as seen in Fig. 10: after a rapid 
increase of the flow rate, the pump runs at peak power and then 
continues at half capacity and it is stopped when (Tabsorber — T'st1) iS 
less than 2 °C. 

This regulation method is used by some thermal solar collector 
manufacturer as Wagner & Co. [55] and Buderus [56]. 

The model described for the thermal loop was tested and 
validated by Haillot et al. [41] from data measured in 2008. The 
comparison between experimental and computed data conduced 
to a relative root mean square error of 8.6% for the yearly average 
solar fraction; these results validate this thermal loop model. In 
view to illustrate the thermal behaviour of the storage, we plotted 
in Fig. 11 the evolution of the temperatures ST1 to ST10 into the 
tank and we see clearly the stratification phenomenon that occurs. 

The two models have a good accuracy and can be coupled to 
simulate the thermal behaviour of the total solar system. The solar 
collector model calculates 97 temperatures but only the output 
water temperature and the absorber temperature are introduced 
in the thermal loop model. 


4. Optimisation of the solar collector structure 
Our objective is to improve the performances of the solar 


collector H2OSS in optimizing some parameters as the air layer 
thickness, the emissivity of the cover, the thermal insulation thick- 


ness, the pipes positioning but also of the working conditions as 
the fluid flow rate. This optimization is realized through several 
simulations using the two coupled models described previously in 
varying the configuration of the system. 


4.1. The optimisation procedure 


In view to choose the optimal configuration, we calculate 
during each simulation the following data: 


- the working time of the pump and its electrical energy consumed; 

- the working time of the electrical auxiliary heater and its electrical 
energy consumed; 

- the thermal energy drawn to the storage tank i.e. useful for 
the user; 

- the thermal energy produced by the solar system (solar and 
electrical); 

- the part of the thermal energy produced by the solar 
resource; and 

- the thermal losses by the storage tank and the distribution 
water network. 


From these data, we defined three solar fractions: 


è SF: the conventional Solar Fraction which is the ratio of the 
total solar energy delivered to the tank Erhermal. Solar (KWh) and 
the total energy delivered to the tank Ernermaı (KWh). Ernermat iS 
the sum of the solar energy delivered to the tank and the 
auxiliary energy delivered to the tank Egtectrical auxHeat+ 


SF= EThermal,solar /Ethermal = 
= EThermal,solar /(EThermal solar + Electrical AuxHeat) (4) 


© SF*: we noted during the experiment that important hydraulic 
losses occur in the solar collector due to the serial connexion of 
the thermal modules. These hydraulic losses require the use of 
an electrical pump with a high peak power and then a high 
electrical consumption for the fluid circulation. This supple- 
mentary electrical energy due to the pump working is taken 
into account in the calculation of the solar fraction and we add 
the electrical energy consumed by the pump Egtectricat pump to the 
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Fig. 11. (a) Illustration of the thermal stratification into the storage tank. (b) Meteorological conditions. 


electrical energy used for the auxiliary heating: 


+ 
SFT = Ethermal,solar /(Ethermalsolar = Eglectrical,AuxHeat + Egtectrical,pump) (5) 


e SF* +: the value of electrical energy and thermal energy differs 
by the form of energy. Electricity is a high-grade form of energy 
since it is converted generally from thermal energy. To take into 
account this consideration, Huang et al. [57] suggest using an 
energy-saving efficiency called also overall thermal efficiency 
[58-60]; in this efficiency the thermal energy is converted into 
electrical energy via a electric power generation efficiency 
"ther —Flec Considering a conventional power plant. Nrher— Elec iS 
taken equal at 0.38 [57-60]. This formulation suggests energy 
equivalence between electricity and thermal energy with an 
electrical-to-thermal ratio equal to 2.63 (1/0.38). To take into 
account this difference of quality of energy, we introduced the 
solar fraction SFt* converting the electrical energy in 
thermal one 


++ 
SF = EThermal solar /[EThermalsolar F (Eglectrical,AuxHeat 
oF Egtectricalpump)/N Ther — Elec] (6) 


We saw during the experiment (see Section 1.2) that the main 
problem is the heat loss due to the particular shape of the H2OSS 
collector. The objective being to reduce the temperature of the 
absorber, we wanted to test, after preliminary studies, a new 
configuration of the H2OSS collector called New Version (Fig. 12). 


Our optimisation is realized on the basis of the three solar 
fractions and for a solar thermal system used by a family of 
4 persons living in Corsica and composed by 35 serial connected 
modules H2OSS (4 m?) and a storage tank of 200 L. 

First, we verified that the utilization of 35 serial solar 
modules does not conduce to a saturation of the temperature 
i.e. that the water temperature continues to increase. Fig. 13 
shows, in steady-state, the evolution of the water temperature 
versus the number of solar thermal modules (for a solar 
irradiance=750 W m~?, an ambient temperature =25 °C, a wind 
speed=1ms~! and a flow rate=60 Lh~') for the two versions 
of the solar collector. 

We clearly note a more rapid phenomenon of saturation for the 
new version of solar collector but we can conclude that it is 
possible to install efficiently in serial 50 solar thermal modules i.e. 
50 m of gutter (rarely available in a conventional house). 

We used a pump for the fluid circulation with an electrical 
power calculated proportionally to the flow rate between 30 W for 
15Lh7! and 250 W for 200Lh7!. 

Our calculations are realized for a winter month (January) and a 
summer one (July) from meteorological data collected on the site 
of your laboratory in Ajaccio, Corsica. 

We successively varied the fluid flow rate, the air thickness 
between cover and absorber (reduction of convective losses by 
the front face), the insulation thickness (decrease of back and 
lateral thermal losses) and the cover emissivity (decrease of front 
radiative losses). 
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Current version 


New version 


Fig. 12. The two versions of the solar collector H2OSS used for the optimization. 


55 
g 
o 
5 
8 
2 
E 
2 
5 
© 
Z 
30 r r r T T r r r 
10 20 30 40 50 60 70 80 90 100 
Number of thermal solar modules 
PO Tere PEATE OE 
50 
g Input water temperature (°C) 
= —e— 30°C 
g 4 - a- 35°C 
g —+— 40°C 
= - @ 46°C 
2 —#-50°C 
E ave - +- 55°C 
= 
35 
30 + T r T T r r r r 1 
10 20 30 40 50 60 70 80 90 100 


Number of solar thermal modules 


Fig. 13. Evolution of the water temperature versus the number of solar thermal modules for (a) the current version and (b) the new version of solar collector. 


The domain of variation of these parameters must be realistic for 
two reasons: the dimensions of the solar collector must stay 
in the commercial standards and the gutter must continue to evacuate 
the rainwater (limits of the thermal insulation). In view to illustrate 
the calculations realized for each configuration of the solar collector, 
we show in Table 2, the various monthly energies (January and July) 
previously presented for the “current” configuration. 

We note that the monthly energy needs in winter and summer 
are slightly different (2%) because in summer the mean tempera- 
ture of the storage tank is slightly higher than in winter. 

We also note that the values of the three solar fractions are very 
different particularly during summer because the running time 
of the electrical pump is greater in this period of the year. We 
can therefore expect different results in the optimization phase 
according to the chosen solar fraction. 


4.2. Influence of the flow rate 


Using a low flow rate allows a thermal stratification of the 
storage, a reduction of the hydraulic losses and consequently a 
small pump power and tube diameter [46,47]. Hollands and 
Lightstone [61] calculated an annual energy gain of 38% compared 
with a solar system with high flow rate and Cristofari et al. [45] an 
annual gain of 5.25%. As we saw previously, the hydraulic losses 
are high and then, using FR* and FR* * (taking into account the 
electrical consumption of the pump) should modify the optimiza- 
tion results compared with the use of FR. 

We see in Fig. 14 (and Fig. 13) that the performances of the new 
version of the solar collector are higher than for the current 
version. Thus, in the following optimization, we will only consider 
the new version. 
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The optimal flow rate is more visible using SF* and SF** than 
SF; furthermore SF* and SFt* are more representative of the 
performance level of the thermal system because the significant 
electrical consumption of the water pump is taken into account. 


Table 2 


The optimal flow rates are respectively 50 Lh~! and 75 Lh7! for 
summer and winter for the new configuration, and around 
75Lh7! for the current one. For the winter period, the perfor- 
mances gap between the two rates, 50 L h~! and 75 Lh, is lower 


Example of calculation of the solar fractions for the current configuration of the solar collector in January and July. 


January July 
Thermal energy drawn to the storage tank kWh 182.3 171.7 
Thermal losses (storage tank and water distribution circuit) kWh 27.8 43.9 
Thermal energy needs kWh 210.1 215.6 
Thermal energy produced by the solar resource kWh 511 146.6 
Running time of the pump h 62.5 219 
Electrical energy for the pump kWh 6.2 21.9 
Running time of the auxiliary electric heater h 79 34.5 
Electrical consumption of the auxiliary heater kWh 159 69 
Solar Fraction, SF % 24.3 68 
Solar Fraction, SF* % 23.6 61.7 
Solar Fraction, SF* + % 18.6 38.0 
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Fig. 14. The various solar fractions versus the water flow rate for (a) the current version and (b) the new version of the solar collector. 
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Fig. 16. Influence of the cover emissivity on the solar fractions. 


than in the summer period, thus, the optimum water flow rate for 
the new version is taken at 50Lh~'. Thus, the optimization 
calculations will be realized for 50 Lh~!; which is a low flow rate 
because is considered as a low flow rate, a value between 7 and 
15Lh~! m~? [62] i.e. for our 4 m? between 28 and 60 Lh™!. 


4.3. Optimisation of the air thickness 


Various authors studied the optimal thickness for the air layer 
between the glass cover and the absorber: Holland et al. [63] and 
Baum and Ovezsakhatov [64] wrote that a thickness from 1 to 
2cm is adequate; Duffie and Beckman [43] and more recently 
Ferahta et al. [65] confirmed that 1 cm is the optimal thickness. 

We calculated the three solar fractions for various air thick- 
nesses (Fig. 15). 

The form of the curve is due to the variation of the convective 
coefficient into the air layer as shown by Nahar and Garg [66]. 
As previously, it appears two optimums: 1 cm for winter and 
1.125 cm for summer. We note that the optimum value of the air 
thickness is the same whatever the solar fraction is because the 
influence of the pump electrical consumption is very small and 


approximately always the same (the flow rate being constant). We 
chose an optimal value of 1.125 cm of air thickness what is in good 
accordance with the literature. 


4.4, Optimisation of the cover emissivity 


The glass emissivity influences the thermal production: lower 
is the emissivity, better is the performances. A glass with a low 
emissivity being more expensive that a conventional one, it is 
interesting to know if the gain can justify an increase of the glass 
cost. In the present version, the solar collector uses a convention 
glass with an emissivity equal to 0.9 but it exists on the market 
with affordable prices, some specific glasses with an emissivity 
reaching 0.1 in with the disposition of a thin film on the glass 
reducing the transmittance from 0.89 to 0.81 [67]. In our simula- 
tion this transmittance reduction has been taken into account and 
the results are shown in Fig. 16. 

The gain on the solar fraction SF is between 2.6% and 3% i.e. in 
relative value between 3% and 8%. It seems interesting to use this 
type of cover. 
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4.5. Optimisation of the thermal insulation thickness in the backside 


In view to characterize the influence of the thermal insulation 
in the back face, we realized several simulations in varying the 
height of the 3 isothermal elements 11, 12 and 13 in stone wool 
(Fig. 17). It seems obvious that the influence will be smaller for the 
two layers farthest from the absorber (i.e. 12 and 13). 
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Fig. 17. The various thermal insulation layers. 


The simulations show that an increase of the heights of the 
elements 12 and 13 does not influence the performances. For the 
element l1, the results are shown in Fig. 18. 

The maximal improvement is very low: not more than 1% in 
absolute value on SF. This increase of the thermal insulation has a 
small influence which confirms the predominance of the edge 
effects in the thermal behaviour of this solar collector. The thermal 
insulation thickness will be not modified because the influence is 
low, moreover a good rainwater evacuation must be preserved. 


4.6. Optimisation of the thermal insulation between the absorber 
and the aluminium body 


The absorbers fins, very hot elements, are insulated from the 
aluminium body (very diffusive material) by only 2 mm of Makro- 
lon® (polycarbonate product) (see Fig. 2). In our simulation we 
added insulation between the fins and the body without decreas- 
ing the collecting surface; we tested various thicknesses up to 
16 mm for each side, but the maximum usable thickness is 4mm 
for a standard gutter with a good rainwater evacuation (Fig. 19). 

We see that from a thickness of 4-5 mm, the curves tend 
towards an asymptote. With a Makrolon™ insulation of 4mm on 
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Fig. 19. Influence of the Makrolon™ thickness between the absorber fins and the aluminium body. 
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Fig. 20. Performances straight lines for current and optimized new versions (calculated from simulation). 


Table 3 
Synthesis of the main optimization results. 


Parameter 


Water tubes position 

Flow rate 

Air layer thickness 

Glass cover emissivity 
Backside thermal insulation 
Makrolon™ insulation 


both sides (2 mm more that in the present version) we obtain an 
improvement of 1.3% in winter (+4%) and 2% in summer (+ 2.26%) 
for SF. 


4.7. Recap of the optimization 


From previous results, we created an (ideal) H2OSS™ solar 
collector with characteristics that are summarized in Table 3 fora 
solar installation for 4 persons, situated in the South of France 
with the daily water load profile seen in Fig. 9. and constituted by 
35 m of solar modules (4 m?) and a water storage of 200 L. 

In view to see clearly the consequences of this optimization on 
the thermal performances of the solar thermal system, we plotted 
in Fig. 20 the efficiency versus the reduced temperature for the 
current solar collector and the new optimized version. These two 
straight lines are calculated from a numerical simulation. In Fig. 4 
the straight line for the current version in serial configuration was 
determined experimentally and we compare it with Fig. 20, we note 
a very good concordance between the experimental and numerical 
results which confirms the accuracy of the numerical model. 

If we compare the current version and the new one, we note 
that the thermal losses coefficient decreases from 13.80 W m~? K7! 
to 6.25 W m~? K~! (i.e. an improvement of more than 50%) but the 
optical coefficient decreases from 0.903 to 0.780 (— 13%) due to the 
replacement of the glass cover by a low emissivity one inducing a 
smaller transmittance. 

Despite the improvement of the thermal losses coefficient, it 
stays higher than that of the Buderus 3.0. (4.3 W m~? K~!). 


5. Conclusion 


The numerical models developed in this work allowed to 
propose new configurations for the H2OSS thermal solar collector 
on the basis of experimental findings. The solar collector was 
optimized numerically for a conventional installation for an 


Optimal value 


Into the absorber (the cold tube is no longer in the insulation) 
50Lh7! 

1125 cm 

0.1 

No more 

+2 mm in both sides 


individual housing in the South of France. The new positioning of 
the cold water tube into the absorber, and no more in the 
insulation, allows to reach much better performances than with 
the actual prototype (the annual fraction passes from 41% for the 
current version to 76% for the optimized version). The thermal 
insulation and the air layer thickness have been optimized; the 
influence of the water flow rate was very important due to the 
particular linear conception of the H2OSS collector and the optimi- 
zation showed the necessity to work at low flow rate. 

This new configuration of the H2OSS concept will be imple- 
mented soon in the form of a prototype and it will be able to 
validate experimentally the numerical results. 
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